ABSTRACT: Sediment export from glaciated basins involves complex interactions between ice flow, basal erosion and sediment transfer in subglacial and proglacial streams. In particular, we know very little about the processes associated with sediment transfer by subglacial streams. The Haut Glacier d'Arolla (VS, Switzerland) was investigated during the summer melt season of 2015. LiDAR survey revealed positive surface changes in the ablation zone, indicating glacier uplift, at the end of the morning during the period of peak ablation. Instream measures of sediment transport showed that suspended load and bedload responded differently to diurnal flow variability. Suspended load depended on the availability of fine material whereas bedload depended mainly on the competence of the flow. Interpretation of these results allowed development of a conceptual model of subglacial sediment transport dynamics. It is based upon the mechanisms of clogging (deposition) and flushing (transport/erosion) in sub-glacial channels as forced by diurnal flow variability. Through the melt season, the glacier hydrological response evolves from being buffered by glacier snow cover with a poorly developed subglacial drainage system to being dominated by more rapid ice melt with a more hydraulically efficient subglacial channel system. The resultant changes in the shape of diurnal discharge hydrographs, and notably higher peak flows and lower base flows, causes sediment transport to become discontinuous, with overnight clogging and late morning flushing of subglacial channels. Overnight clogging may be sufficient to reduce subglacial channel size, creating temporarily pressurized flow and lateral transfer of water away from the subglacial channels, leading to the late morning glacier surface uplift. However, without further data, we cannot exclude other hypotheses for the uplift.
Introduction
Glacial erosion is a particularly marked characteristic of many mountain catchments (Hallet et al., 1996) . However, the processes responsible for glacial erosion are complex and due to difficulties in their quantification are only partly understood (Hooke et al., 1985; Alley et al., 1997; Nienow et al., 1998; Mair et al., 2003; Riihimaki et al., 2005; Swift et al., 2005a) . This is especially the case underneath glaciers, where measurement is particularly difficult. Measures in snout marginal zones have quantified basal sediment evacuation by subglacial meltwater and lubrification evacuation for both temperate glaciers and ice caps (Gurnell, 1982; Hallet et al., 1996; Alley et al., 1997; Hodson et al., 1999; Swift et al., 2002 Swift et al., , 2005a . For instance, work has shown how a relatively inefficient subglacial drainage system may allow for the development of high subglacial water pressures early on in the summer melt season, and that the associated and more widespread access of water to the glacier bed may lead to the rapid evacuation of fine sediment (Hooke et al., 1985) , and suspended sediment concentration pulses (Swift et al., 2005a) .
Following Riihimaki et al. (2005) , the seasonal evolution of subglacial hydrology has two important implications for glacial erosion of temperate glaciers. First, at the beginning of the melt season, the size of subglacial cavities is still very restricted and the drainage system is inefficient and distributed (Nienow et al., 1998; Kulessa et al., 2008; Mair et al., 2008) . Consequently, water enters the subglacial system at a greater rate than the capacity of the channels to melt (Hock et al., 1993; Fischer et al., 2011) . This raises local water pressure at the base of the glacier (Mair et al., 2003) . The pressure increase in turn leads to enhancement of the basal sliding and thereby to a greater glacial erosion (Herman et al., 2015) . Glacier surface uplift has been observed during these periods and labelled 'spring events' (Mair et al., 2002b) . Second, later in the melt season, subglacial drainage is characterized by an enlarged and channelized subglacial network with improved hydraulic efficiency (Nienow et al., 1998; Swift et al., 2002; Mair et al., 2002b; Kulessa et al., 2008) . This kind of network need not be pressurized as the rate of ice closure may be relatively slow (Hooke et al., 1985) and flow may be at atmospheric pressure especially close to the glacier margins. The ice is assumed to remain largely in contact with the bed, sliding-enhanced glacial erosion is limited, and sediment transport results from the evacuation of sediment previously accumulated in the channels.
These two processes do not address a possible third mechanism that comes from the nature of subglacial sediment transfer by flowing water. Bed sediment transport is generally a weakly non-linear function of the excess of discharge or shear stress over some critical entrainment threshold (Rickenmann, 2001) . It is well established that later in the ablation season of temperate valley glaciers, the base flow component of subglacial discharge becomes progressively lower and the peak flow relatively higher (Swift et al., 2005b) . As this occurs, it is possible that the capacity of the subglacial stream to transport bedload sediment during the day rises, whilst during the night it falls, possibly to below the critical value required to maintain transport. Thus, subglacial channels might be progressively more subject to cyclical erosion and deposition or fill later in the ablation season, notably close to the ice margins.
A recent study using a new generation of ultra-long range terrestrial laser scanner (TLS) reported late ablation season surface uplift in the snout marginal zone of the Haut Glacier d'Arolla (Gabbud et al., 2015) . Having eliminated several origins to this observation such as the registration error (by statistical analysis), the effects of differential ice flux as well as the effects of aspect and debris cover on differential surface melt (by calculation), these authors retained sub-daily hydraulic jacking as the most likely hypothesis. This was thought to be related to temporary increases in basal water pressure within conduits (Kulessa et al., 2008) , sufficient to reverse hydraulic gradients locally and cause uplift. Ground penetrating radar measurements for the same glacier during a period of low ablation rates during the summer of 2014 (Rüttimann et al., n.d.) revealed that subglacial flow was at atmospheric pressure in the prefrontal area (Hooke, 1984) and thus contradicted the possibility of hydraulic jacking. However, the alternative explanation (Rüttimann et al., n.d.) is cyclical flushing and fill associated with sediment transport thresholds and diurnal discharge variability within subglacial channels.
Given the above, the main objective of this paper is to undertake sediment transport monitoring close to the portal of a temperate valley glacier to assess whether or not during a summer period when the glacier is showing hydraulic jacking effects, sediment transport from underneath the glacier is consistent with this effect. The methodology used by Gabbud et al. (2015) is repeated, using sub-daily scale laser scans to assess whether or not late morning uplift is occurring during the measurement period. Then, we quantify possible sediment transfer processes, associated with suspended load and bedload, to identify the dynamics of subglacial sediment transfer to see if they are consistent with the periodic flushing and fill of near snout channels that could, in turn, lead to hydraulic jacking. We conclude by developing a conceptual model of snout marginal subglacial sediment transport for further evaluation.
Field Site
The Haut Glacier d'Arolla is a temperate valley glacier located at the head of the Val d'Hérens in Valais, in the south-western part of the Swiss Alps. It has an area of 3.46 km 2 and covers an elevation range of 2580 to 3500 m a.s.l. (above sea level), with an average altitude of 2987 m a.s.l. in 2010 (Fischer et al., 2011 (Fischer et al., , 2014 . Investigations suggest that the glacier rests on a mixed bed composed partly of unconsolidated sediment (Harbor et al., 1997; Hubbard and Nienow, 1997) . Subglacial flow is mainly drained by two channels (Sharp et al., 1993; Nienow et al., 1998) . They now join downstream of the end of the glacier creating the Borgne d'Arolla whose water is extracted almost entirely at the watershed outlet by a water intake of the company HYDRO Exploitation SA which provides the flow data used in this study.
This field site has been subject to numerous scientific publications in recent years, in various fields such as sediment transfer (Lane et al., 1996 (Lane et al., , 2017 Swift et al., 2005a) glacier-climate relations (Brock et al., 2000 (Brock et al., , 2006 Arnold, 2005; Pellicciotti et al., 2005; Dadic et al., 2010; Gabbud et al., 2016) , but in particular in relation to glacier flow and subglacial hydrology (Sharp et al., 1993; Hubbard et al., 1995; Nienow et al., 1998; Swift et al., 2002 Swift et al., , 2005b Mair et al., 2002a Mair et al., , 2002b Mair et al., , 2003 Kulessa et al., 2008; Fischer et al., 2011; Gabbud et al., 2015) .
Data were obtained during the late ablation season of 2015, late July and through early August. This period was chosen as this was when Gabbud et al. (2015) reported the hydraulic jacking effect (August 2013). In practice, 2015 was an extreme year in climate terms, being the second warmest in Switzerland since records began in 1864 with the warmest July ever recorded in the region of study (Meteosuisse, 2016) . This provided an opportunity for this study as it meant that there was a prolonged period of high rates of late ablation season melt, which increases the probability that we would measure the hydraulic jacking effect described by Gabbud et al. (2015) .
Methodology
The aim of the methodology was to quantify both bedload and suspended sediment transfer processes during the late ablation season when we expected to see the glacier hydraulic jacking effect described by Gabbud et al. (2015) . To this end, following the Gabbud et al. (2015) methodology, a LiDAR RIEGL VZ-6000 scanner was used to observe sub-daily changes in glacier elevation (Figure 1 ). Contextual meteorological data were provided by Météosuisse for the Evolène station located further down in the valley (~1400 m a.s.l.). Sediment transport was measured about a hundred meters from the glacier tongue where the source of the Borgne d'Arolla is formed and a short distance was necessary given observations of the importance of proglacial margins as sources of suspended load in glaciated basins (Orwin and Smart, 2004) . Between the glacier tongue and the measurement site, there was no evidence of sediment erosion or deposition. The basin recorded its three highest daily discharges since records began in the late 1960s between midJuly and mid-August due to storm events superimposed upon exceptionally high daily melt rates. In-stream measurement equipment was damaged during an extreme event, for which reason we also undertook sediment transport modelling, which also allowed us to expand our analysis to the seasonal scale.
Detection of glacial surface variations with terrestrial laser scanner and data quality To measure daily glacier surface variations, we used a terrestrial laser scanner (TLS), a technique already widely adopted in cryosphere studies (Bauer et al., 2003; Avian and Bauer, 2006; Schwalbe et al., 2008) and followed the methodology developed to study glacial changes at sub-daily scale using an ultra-long range scanner in Gabbud et al. (2015) where the full methodology is described. Only a summary is provided here. To assess if the glacier was showing hydraulic jacking during the study period, of the same kind reported in Gabbud et al. (2015) , two time-series of scans were performed, on 6 August 2015 from 10:20 to 17:20 and on 11 August 2015 from 1118 P. PEROLO ET AL.
10:45 to 16:45 with a measurement time of about 8 min per scan. This measurement time was defined by the surface of the glacier to be scanned which we set to avoid scanning times that would be too long because the scanner contains a 3B laser and we had to guarantee that the zone of study was not occupied during the scan by walkers. The footprint of each scan was set to ensure an imaging area larger than the glacier such that there were stable zones for coregistration and evaluation of data quality (Figure 1 ; Appendix A, Figure A1 ). The scan frequency was set at 30 kHz, allowing measurement steps of 0.004°, and a theoretical mean ground point spacing of 0.07 m at 1 km and 0.14 m at 2 km (i.e. a point density of about, respectively, 190 points/m 2 and 49 points/m 2 ). However, the survey parameters contained in Tables I and II show that the actual point density was well below expected theoretical values, and related to poor reflection due to: (1) a thin film of laser-absorbing water present at the glacial surface (Gabbud et al., 2015) ; and (2) geometry effects, the glacier being not perpendicular to the measuring instrument, which causes a loss in backscatter in the direction of the scan.
Analysis of the acquired data focused on a c. 300 m long and 100 m wide zone centred on the expected location of the main subglacial drainage channel as found by Ruttiman et al. (in revision) . A series of steps were followed for processing the point clouds produced by the scans (Gabbud et al., 2015) : (i) cleaning of scans by suppression of aberrant values due to, for example, atmospheric reflections such as dust or moisture; (ii) manual co-registration of the scans to approximately orient and position the data in the same local coordinate system; (iii) isolation of stable areas such as lateral moraines; (iv) Figure 1 . Study site of Haut Glacier d'Arolla showing the proglacial area investigated in this paper with the different positions of LiDAR, water intake and sediment station as well as subglacial channels detected by GPR in 2014 (Rüttimann et al., n.d.) and modelled subglacial channels based on the adaptation of hydraulic potential where the water pressure is equal to the ice overburden pressure (Shreve, 1972; Willis et al., 2009 automated co-registration of these stable areas to improve the precision through an iterative closest point (ICP) process (Zhang, 1992) ; (v) evaluation of the quality of each final overlay (Appendix A, Figure A1 ); (vi) extraction of the area of glacial interest; (vii) transformation of point clouds into a Digital Elevation Model (DEM) using kriging with a DEM resolution of 0.20 m; (viii) subtraction of DEMs in order to obtain DEMs of difference (DoD) containing the sub-daily surface variations. The steps (i) to (vi) were performed using RISCAN PRO® (RIEGL, Laser Measurement Systems, 2005) . The last two steps were carried out using SURFER® (Golden Software, 2014) .
Quality control addressed two types of error: systematic and random (Cooper, 1998) . Theoretically, the mean error should be zero in stable zones which were taken as exposed bedrock on the valley sides and which were the same for each comparison of scans. In this case, the mean error was evaluated on the two areas of the eastern and western valley sides, respectivelỹ 50 000 m 2 and~30 000 m 2 . These values were consistently between 0.0115 m and 0.0160 m for both areas showing good data reliability (Appendix A, Figure A1 ). The quantification of random errors and their impacts upon the DoDs used a probabilistic approach to determine whether a given elevation change was significant. The elevation changes of each spacing (0.2 m) were converted to a t-statistic through Equation (1) (Lane et al., 2003) :
where ΔZ is the difference in elevation at each spacing of DoD, σ is the standard deviation of error taken as characteristic of the stable areas and LoD min is the minimum limit of detection of changes. The latter allows definition of a confidence interval within which all values are considered statistically equal to the mean (Bavaud, 1998) . However, it must be assumed that the mean error is negligible and the random errors follow a Gaussian distribution (Appendix A, Figure A2 ) so that the t-test is relatively robust (Blalock, 1979; Norcliffe, 1977) . A twotailed confidenmce test at the 90% confidence level was applied (Bavaud, 1998 ) (Appendix A, Figure A3 ), to distinguish between mean values (Milan et al., 2007) . Tables III and IV show the limits of detection at 90% confidence calculated using Equation (1) for each pairwise surface comparison and the standard deviations of error of each compared dataset (Appendix A, Figure A3 ). The 10:20 scan of 6 August and the 10:40 scan of 11 August did not have an error associated with themselves and the zero value was attributed to them. Moreover, the values of the two days of surveys are very similar.
River flow data
Discharge data with 1-min time intervals were provided by HY-DRO Exploitation SA for the Haut Glacier d'Arolla intake for the months of July, August and September 2015. Since the water intake is 1.7 km downstream from the sediment station (Figure 1 ), a time shift is required to compare data from these two sites. Two measurements of surface flow time were undertaken; one at high flow (13 minutes and 12 seconds) and the other at low flow (17 minutes and 40 seconds) in order to have an approximate value, and both suggested a time of transfer of about 15 min. Therefore, a shift of 15 min was applied for the entire flow series.
The flows measured at the intake are influenced by a purge system to empty the fine and coarse sediment traps, which separate suspended load and bedload from the water before transfer by tunnel to a large retention basin (Lac des Dix). This anthropogenic system causes fairly clear breaks in the flow (Figure 2 ) within a few minutes for a period of time varying from 15 min to 1 h depending on the type of purge (Bezinge et al., 1989; Lane et al., 2017) . It is therefore necessary to complete the truncated data, which we did through applying linear regression between either side of the break to reconstruct the estimated real flow rate curve. These completed time-series can then be used for the analysis of sediment transport.
If sediment transport rate is a weakly non-linear function of the excess of discharge or shear stress over some critical entrainment threshold, within season changes in hydrograph shape could impact upon the magnitude and duration of transport. Hence, for the corrected discharge time series, we calculated a daily entropy index (E) as a measure of hydrograph shape (Amorocho and Espildora, 1973; Krasovskaia, 1995 Krasovskaia, , 1997 Pan et al., 2012) . This was calculated for each diurnal hydrograph (j) from: where Q i is the discharge for time step i of n time steps within diurnal hydrograph j. Equation (2) measures the degree of deviation within each daily hydrograph from the mean discharge for that hydrograph. A higher value of entropy indicates a more unequal distribution of discharge within the day and hence a higher peak flow/lower base flow. Application of Equation (2) requires definition of diurnal hydrographs. The minimum discharge was commonly during the early morning. All flow until the next minimum was assigned to that day and defined as the diurnal hydrograph. During the start and end of the season, and also during cooler and wetter periods mid-season, identification of the flow minima was more difficult. For such days, we defined the diurnal hydrograph according to the time period defined by the last clearly identifiable diurnal hydrograph. We also defined automatically the period of time defined for each hydrograph and manually inspected those with durations that fell out of the range of 21 to 27 h.
Sediment transport: suspended load and bedload
Assessment of sediment load is difficult to perform in turbulent mountain torrents because it is temporally non-stationary and spatially highly variable. The evolution of turbulence conditions within the flow also implies changes in the distribution of suspension load and bedload (Lenzi et al., 2006) . That said, in this we study quantified both suspended load and bedload (Figure 3) evacuated by the glacier during late ablation season, which generally coincides with the highest subglacial sediment transport rates at the Haut Glacier d'Arolla (Swift et al., 2005a) .
A large body of literature demonstrates the effectiveness of turbidity probes, typically designed for water quality measurements, to derive the concentration of suspended sediment (Gurnell, 1982; Fenn et al., 1985; Clifford et al., 1995; Phillips et al., 1999; Stott and Grove, 2001; Swift et al., 2005a Swift et al., , 2005b Stott and Mount, 2007; Leggat et al., 2015) . At the measurement station, we installed a Campbell Scientific OBS-3+ turbidity Sensor (Figure 3(a) ). Water samples were collected using a depth-integrated sampling in the middle of the channel (Figure 4(a) ) to calibrate the turbidity probe. The fine sediment was extracted by filtration, dried and weighted to determine the concentration in g L -1 (Appendix B, Table B1 ). Linear regression was applied to convert turbidity in NTU to suspended sediment concentration in g L -1 . We applied two different calibration curves, one for the period from 30 July 2015 to 3 August 2015 and one from 3 August 2015 to 7 August 2015, because the probe height had to be adjusted. . The discharge-concentration relationship is used to analyse daily hysteresis cycles from which it is possible to deduce sediment transport dynamics as well as their linkage to subglacial erosion/deposition events.
Further analysis also determined the particle size distribution of each manual suspended sample using a Malvern Instruments Mastersizer 3000 laser diffraction granulometer. 1 to 2 grams of the filtered sediment was introduced into the machine, which offers a range of detection from nanometer to millimeter, allowing differentiation between clay, silt and sand (Appendix B, Figure B1 ). The use of ultrasound during the measurements prevents the formation of agglomerates in the solution.
Unlike suspended load, bedload measurements are more difficult. For several years, indirect methods have increasingly been used to measure the intensity and dynamics of bedload through the development of passive acoustic devices, particularly geophones (Vatne et al., 2008; Turowski and Rickenmann, 2009; Rickenmann et al., 2012) , hydrophones (Mizuyama et al., 2003 (Mizuyama et al., , 2010a and ADCPs, 'Acoustic Doppler Current Profiler' (Rennie et al., 2002) . These devices need to be coupled to direct sampling for calibration purposes, although this can be costly and dangerous in mountain streams (Gray et al., 2010) . Consequently, continuous measurements were undertaken, using a hydrophone to record the intensity of the bedload while direct measurements were made during the rising of the morning flood in order to calibrate the intensity curve (Figure 4(b) ). The duration of these measurements was short because of an extreme flow which destroyed the monitoring station, and this explains why we also undertake some numerical simulation (see below).
A Hydrotech 'Pipe Sensor Acoustic' hydrophone (Figure 3(b) ) (Mizuyama et al., 2003; Mizuyama et al., 2010a) was placed on the river bed at the measurement station perpendicularly to the flow direction following excellent results from this measurement device made in proglacial streams Mao et al., 2014 Mao et al., , 2017 . In theory, transported sediment particles collide with the tube and these impacts trigger an air vibration inside the device, in turn recorded by a microphone. The acoustic wave is then amplified and converted into six hierarchical channels in order to capture small and large impacts, which can be related to grain size. This method ensured that the collision of a single particle is recorded when the output of a channel exceeds a given threshold (Mizuyama et al., 2010b) . In laboratory experiments, Mizuyama et al. (2010b) showed that the system records some impulses for grains coarser than 4 mm, all impulses for grains greater than 8 mm and between channel sensitivity to different grain sizes. Dell' Agnese et al. (2014) found for a field calibration that the lowest recorded sizes were c. 6 mm. Mao et al. (2016) found that there is scope to use channel sensitivity to differentiate between the contributions of different grain sizes to total transport. However, while this remains an area where research is needed and as the intensity of transport seems varies as a function of instrument channel sensitivity (Mao et al., 2016) we follow others and sum the channel outputs, but then calculate a mean per channel. The latter does not affect interpretation of the results as we use direct bedload measurements to calibrate the instrument signal. By looking at all instrument channels, it means that we can more readily identify the critical discharge for the onset of bedload transport, as the latter will be recorded in the most sensitive channel. Data were acquired until the 2 August when a large boulder damaged the probe.
Direct bedload measurements were carried out using a Helley-Smith bedload sampler (Figure 3(c) ). It has an orifice of 156 mm in height minimizing the problems of efficiency given the large granulometric distribution expected in the proglacial domain (Vericat et al., 2006) . It is composed of a bag with a mesh size of about 5 mm which allows the finer suspension load to pass through, although this depends on the grain size and volume of the material entering the bag (Lane et al., 1996) . With this mesh size, it should also provide data that correspond with the signal recorded by the acoustic pipe (Mizuyama et al., 2010b; Dell'Agnese et al., 2014) . The measurements were performed a few meters downstream of the hydrophone in the direction of flow, in order to ensure that they are comparable (De Vries, 1973; Gomez et al., 1990; Gomez, 1991) . The long sampling period that is necessary to provide a good average makes it difficult to capture rapid temporal changes of bedload fluctuations (Ashworth et al., 1992) . Thereby, during discharge rise, three samples were obtained every 30 min from 09:30 to 11:00 and then every 15 min thereafter (Appendix B, Table B2 ). The sampling time was 30 s and the bag was not full under any sampling condition.
The calibration curve required to convert the arbitrary hydrophone data (shock intensity) into kg s -1 unit as shown in Figure 5 (c). It is produced by linear regression associated with a p-value equal to 3. 21 × 10 -3 , although the number of points on the graph is small and it is possible that there is an outlier effect. In addition, since the regression function gives negative values for the data at very low flow rates, these are considered noise and the zero value is attributed to them. 
Sediment transport modelling
We had initially chosen to focus the analysis on direct measurements of bedload. However, given the problems that we experienced with the hydrophone, we used the calibrated hydrophone as a means of validating a bedload sediment transport model following Rickenmann and Recking (2011) and Nitsche et al. (2011) . Commonly used transport equations (Meyer-Peter and Müller, 1948; Rickenmann, 1991; Wilcock and Crowe, 2003) overestimate bedload volumes up to three orders of magnitude and one reason for this has been cited as incorrect representation of energy losses (Nitsche et al., 2011) due to the macroforms that induce bed roughness. Here, we used the approach of Rickenmann and Recking (2011) , which was evaluated by Nitsche et al. (2011) for several instrumented Swiss watersheds that attempts to represent the additional energy losses related to the spatial organization of bed roughness. The model was used to estimate sediment export of the glacier based on the volumetric transport capacity model (Nitsche et al., 2011) which is itself based on two sub-models: (i) calculation of the flow velocity taking into account the depthdependent flow resistance; and (ii) calculating the volumetric transport capacity. The flow resistance is calculated using a variable power Equation (3) according to Ferguson (2007) in order to estimate the mean flow velocity of the cross-section (v tot ). This allows the effects of water depth change on flow resistance to be taken into account in a physically plausible manner (Ferguson, 2007; Lane et al., 2017) . Thus, the average crosssectional velocity for a given depth including energy losses is defined as:
where g is the gravity constant (m/s 2 ); R is the calculated hydraulic radius for each water height (m); S is the mean slope; and D 84 is the 84th percentile of the particle size (m). The equation of the velocity of the particle size scale (Equation (4)), without adjustment of energy loss, is estimated by:
Equations (3) and (4) are then combined according to Rickenmann and Recking (2011) to partition the energy slope (S) into energy lost due to flow resistance and energy available for the transport of sediment (S 0 ) associated with grain friction according to Meyer-Peter and Müller (1948) in Equation (5):
The reduced slope (S 0 ) is then applied to Equation (6) (Rickenmann, 1991) estimating the volumetric transport rate in sediment per unit width of the channel (q b ):
with
where ρ s is the sediment density (2650 kg m -3
); ρ is the water density (1000 kg m -3 ); D 50 is the median sediment diameter of the river bed (m); θ r is the dimensionless reduced shear stress through the application of Equation (5); θ rc is the dimensionless minimized critical shear stress; R c is the critical hydraulic radius corresponding to the critical discharge; S oc is the critical reduced slope corresponding to the critical discharge; and Fr is the Froude number defined as v tot /(g · d)
0.5 , where d is the mean depth of the flow section.
For our calculations, the sediment transport capacity was estimated using the mean slope 100 m upstream of the measurement site as equal to 0.032. The topography of the single channel was represented by a trapezium of 5 m at the base of the bed and 6 m at the bank edges with a depth of 1 m. Initially, the grain size determined by Wolman sampling of 250 grains in the river in this reach was used in Equation (7): D 50 was 0.016 m and D 84 was 0.077 m. Initial simulations showed that these values resulted in bedload transport even at low discharges less than the 2.5 m 3 s -1 which was identified using the hydrophone measurements, Helley-Smith samples and visual observations at the study site allowed identification of the discharge required for the onset of bedload transport. Thus, we took the hydrophone-identified critical discharge, calculated the equivalent R c and so determined the critical Shields stress as the basis for the onset of transport. Note that this may be a weak point in our analysis, especially given evidence that suggests that the history of river flows may lead to evolution in the critical discharge required for entrainment in glacier-fed streams (Mao et al., 2017) . However, in this case, in close proximity to the glacier margin and with repeated erosion and deposition on the stream bed noted close to the gauging station, it is unlikely that the time available for sediment sorting by the stream is particularly long.
The transport capacity results were first compared with the observed bedload measurements in order to verify the reliability and robustness of the model on a sub-daily basis. The model is then extended to the entire summer from 1 May to 30 September 2015 as this allowed us to quantify how the modelled transport rate is impacted upon by changes in the hydrograph form.
Results
Glacial surface changes at sub-daily scale Figure 6 shows the DoDs of 6 and 11 August with a level of detection (LoD) set at 90% (Tables III, IV) . Considering the spatial coherence, reliability and precision of these results (Appendix A, Figure , 3-4) , it is possible to observe the differential melting on both scan dates during the afternoons, associated with ogives as observed two years earlier by Gabbud et al. (2015) . However, it is also clear that there are positive surface variations by the end of each morning, notably in the up-glacier parts of the snout marginal zones. On 6 August, the surface increase is positive between 10:20 and 12:20, becomes less positive by 13:20 and switches to negative values in the late afternoon as melt becomes dominant. On 11 August the positive surface reaches its maximum at 11:45 and then decreases rapidly in 1 h. The rest of the day is also characterized by high melt rates.
The hydraulic and meteorological data from 6 and 11 August are summarized in Figure 7 and can be used to better understand their effect on the positive surface changes noted in Figure 6 . The data for the two days are relatively similar. The flood rise between 9:00 and 12:00 is stronger on 6 August but associated with a 1123 SUBGLACIAL SEDIMENT PRODUCTION AND SNOUT MARGINAL ICE UPLIFT rapid fall from 13:00, while on 11 August the flow rate continues to rise between 13:00 and 17:00. The temperature was higher on 6 August. Although the duration of sunshine and solar intensity are relatively similar during both mornings, these two factors turn out to be slightly lower during the afternoon of the first day.
Sub-daily sedimentary dynamics Figure 8 summarizes the elements analysed on a sub-daily scale. The meteorological data show sunny and warm weather over the whole period, with three days with precipitation. In general, the discharge data show the influence of melt in clear diurnal discharge hydrographs, except for the periods when rainfall occurred. In all cases, hydrograph rise began at about 10:00 and peaked at about 16:00. Figure 8 suggests that the suspended concentration tends to mirror the discharge variability, except during precipitation events. During the latter, fine sediment concentration remains very low, particularly on 1 August, but bedload transport was present. Bedload transport tends to start later and finish earlier that suspended sediment transport, on the basis of the small number of days for which data are available. A threshold discharge close to 2.5 m 3 s -1 is required for bedload transport. Bedload has a strong relation with the flow regardless whether it is melt or precipitation driven. Altogether, these observations show that meteorological factors have a significant influence on the type of sediment transport. Figure 9 shows the daily behaviour (8:00 to 8:00) of the suspended sediment concentration. Three types of dynamics are distinguished: (i) clockwise hysteresis; (ii) disordered; and (iii) counter clockwise hysteresis, which can be categorized mainly by meteorological factors (Figure 7 ). Most widespread is the clockwise hysteresis (Figure 9(a), (b) , (e), (f) and (g)). It is observed during consecutive sunny days, causing a peak in concentration before the peak discharge.
The second type of sediment dynamics is shown in Figure 9 and it shows a disorderly behaviour. Two consecutive precipitation events are observed on 1 August and strongly influence the flows, with a limited effect on the concentration of fines.
The last type of dynamics is the counter clockwise hysteresis observed in Figure 9 (d) which corresponds to a sediment concentration peak arriving after the flow peak. The weather conditions on this day were relatively good but followed a rainy day. Concentrations were found to be the highest, in excess of 6 g L -1
. Figure 10 shows the results of the granulometric evolution of the suspended load sampled on good weather days with their respective discharge. The first observation is that the specific diameters retained (D 50 , D 84 ) evolve relatively similarly on different days. In all cases, the specific diameters increase in size during the rising limb of the hydrograph and peak before the hydrograph peak, actually decreasing in some cases before the peak flow is reached. Indeed, samples collected at the highest flows (6-7 m 3 s -1 ) have the finest grain size, between 13:00 and 14:00 (Figure 10(d) ). Figure 11 shows the relationship between water discharge and the calibrated hydrophone record of bedload at the daily scale for the two full diurnal cycles measured. This relationship contains less hysteresis than the suspended sediment data, suggesting that the system depends more on flow competence than variations in sediment supply. Figure 11 confirms Figure 8 in suggesting a critical discharge at which bedload transport starts of about 2.5 m 3 s -1 and no channels recorded bedload transport at discharges lower than this critical value.
Modelled bed sediment dynamics: validation
The modelling of sediment volumetric transport capacity gives encouraging results in quantitative estimates at the daily time scale which are within order of magnitude compared to the observed values (Table V) . This demonstrates the robustness of this model for this type of environment and the good performance of measurements in the field but also confirms that the bedload transport in this system does appear to be competence-limited.
Concerning the behaviour of the model at the intra-day scale, the results represented in Figure 12 are satisfactory. The model reacts at the same time as the observed data. There is a slight time lag for commencement of bedload transport because the model is based on local discharge and does not take into account upstream sediment availability. This can be explained by intermediate stocks that can delay the transport peaks . Furthermore, the modelled transport capacity curve underestimates bedload at high flow rates, which could explain the differences in quantitative values.
There is also a significant uncertainty in the observed values due to the impossibility of directly sampling the bedload during the highest flows. In addition, the behaviour of bedload during the evolution of diurnal flow is more complex than reflected in the model. Since the particle size varies during the day, the critical shear stress should also vary, but the model used has fixed particle size parameters specific to the section studied. However, we consider the results obtained by the modelling of the volumetric sediment transport capacity relevant, which allows the application of the model over the whole summer.
Seasonal scale evolution of runoff characteristics and sediment transport capacity Figure 13 shows the time series of river flow and daily entropy for the summer of 2015 (after (2)), beginning on the 1 May. The discharge shows a fairly classical structure for a glaciated basin. First, diurnal fluctuations in discharge are initially small compared with the base flow because snow cover leads to both high albedo and low melt rates and because snow cover and a likely inefficient subglacial drainage system buffer the hydrological response to melt. During this period, daily entropy values are relatively low. Second, from around about Day 54 (late June), diurnal discharges become more regular and the amplitude grows but these changes are superimposed upon growing base flows. Thus, the daily entropy rises, but only slowly. From about Day 66, the base flow falls and the size of the diurnal discharge variability rises, with the daily entropy also rising quite rapidly. However, there is a large variability in the size of the daily flow peak that now controls the variability in the daily entropy. From about day 107 (mid-August), the daily flow minimum decays more rapidly but it is still possible to have quite high diurnal discharge cycles and these can cause quite high and sustained daily entropy values. Figure 14 (a) illustrates the importance of daily entropy for sediment transport capacity. Scatter in the relationship between modelled total daily sediment transport capacity and mean daily discharge is clearly reconciled by taking into account the daily entropy. Indeed, there is a hysteresis effect, suggesting that the capacity of the river to evacuate sediment is higher when the daily entropy is higher. Figure 14(b) shows the cumulative number of days: (1) with sediment transport; and (2) with sediment transport but no overnight transport for at least one 15-min period. When the lines are parallel, sediment transport is present, but there is no overnight transport. The graph shows two main zones. The first is up to about Day 65, when peak flows are relatively low and base flows are relatively high (Figure 13 ), but just high enough to maintain overnight transport. From Day 65, the curves are in parallel, reflecting the onset of much lower base flows (Figure 13) and implying that most days have a period of overnight transport and transport is on-off. When this happens there is a shift in the relationship between modelled sediment transport capacity and discharge (Figure 14(a) ) that creates hysteresis at the seasonal scale.
Discussion
Late ablation season surface uplift
On the two occasions that we undertook lidar measurements of the surface we were able to identify surface uplift (Figure 6 ) that was similar to that identified by Gabbud et al. (2015) at approximately the same time during the day. Gabbud et al. attributed this to hydraulic jacking. Here, we also conclude that this is a real surface uplift effect, as there was no evidence in the stable control zones of any vertical displacement. If this is sub-daily hydraulic jacking, it is surprising that it is being observed late in the melt season. Sub-daily hydraulic jacking, at the scale of decimeters, has been observed early in the melt season of Alpine glaciers (Kulessa et al., 2008; Sugiyama et al., 2010) and attributed to the ease with which subglacial pressure can increase in a distributed subglacial system. Sudden increases in the rate of meltwater supply cause the glacier to decouple from its bed (Mair et al., 2003; Kulessa et al., 2008) , the surface to uplift and the glacier to accelerate (Mair et al., 2003; Sugiyama and Gudmundsson, 2004; Sugiyama et al., 2010) . However, these events are commonly observed in the spring (Mair et al., 2003) and linked to the spatial organization of subglacial drainage (Gordon et al., 1998) . Our observations are in early August, when the snow-line was high in the basin and when the study zone is most likely to have a canalized system (Nienow et al., 1998) which is reflected in the high level of daily entropy (Figure 13) . A canalized subglacial drainage system can locally produce increases in basal water pressure 10 s of m from the main conduit (Mair et al., 2003) . Following Davies et al. (2003) , we argue below that overnight sediment deposition within subglacial channels might reduce subglacial channel flow capacity, temporarily increasing water pressure and causing the lateral flux of meltwater necessary for hydraulic jacking.
Before we develop this argument further, we should note that there may be another explanation of surface uplift, which relates to the fact that our measurements come from the snout marginal zone. In temperate Alpine glaciers, the glacier snout thins and may become frozen to its bed. The effects of this is longitudinal compression (Appleby et al., 2010) which can lead to vertical extension in the snout marginal zone (Hambrey and Huddart, 1995; Rippin et al., 2005; Moore et al., 2009) . Therefore, one hypothesis for the patterns shown in Figure 6 is that surface uplift is occurring continually due to longitudinal compression and vertical extension. During the morning, surface melt is low, allowing the uplift to be apparent. In the afternoon, melt is greater than the uplift rate causing apparent surface lowering. We cannot exclude this hypothesis on the basis of the Lidar measured data that we present here. To do so would require either synchronous measurements of surface ablation or a fixed GPS receiver in the study zone. Such data would also need to be consistent with the presence of a cold bed at the snout margin in a temperate glacier, which has been questioned in some cases (Moore et al., 2011) . However, there are two arguments against this hypothesis. First, as Figure 7 shows, both insulation and the intensity of solar radiation had already risen by the first Lidar scans (mid-morning) and solar intensity has reached its peak by midday. For this glacier, Willis et al. (2002) showed that shortwave solar radiation in sunny days was an order of magnitude more important in the energy flux to the surface than sensible heat (i.e. temperature). Thus, melt rates should follow solar intensity (Figure 7(d) ), leading to significant melt during the observed uplift (Figure 6 , Figure 7 (a)), something that would serve to actually make the uplift due to hydraulic jacking bigger than that which we record with the Lidar. Second, it is possible that the uplift is due to vertical extension following from longitudinal expression but that this is related to increases in basal water pressure. Gudmundsson (2003, 2004) and reported vertical day-time extension of the Unteraargletscher, Switzerland from borehole measurements of up to 30 to 40 mm per day accompanied by surface flow velocities of c. 10 mm per day. In a two-dimensional ice flow model of this glacier, they needed to add in basal lubrication to get the surface velocity accelerations needed to reproduce observed vertical extension. In the investigated zone of the Haut Glacier d'Arolla, there are very low mean annual surface velocities (3.60 ±0.77 per year, Gabbud et al., 2016) , and it is possible given the magnitude of the uplift we observe that increases in basal water pressure upstream of the zone of longitudinal compression are required in order to generate the increases in surface velocity and hence vertical extension.
Discharge and subglacial sediment transport during the late ablation season
The measured diurnal discharge variation (Figure 8 ) was typical of a channelized subglacial drainage system with a relatively low level of glacier snow cover, a well-developed subglacial drainage system and a period of relatively warm and sunny weather (Swift et al., 2005b) . On days with a clear diurnal discharge variation there was also clockwise hysteresis (Figure 9) suggesting the flushing of finer material deposited under the glacier overnight during initial hydrograph rise in the morning which translates into supply limitation later during the day. Even when there was light rainfall in the afternoon (e.g. Figure 9 (b)), concentration did not rise again suggesting some supply limitation. Supply limitation appears to be related to the exhaustion of the coarser fraction of suspended load during the rising limb (Figure 10 ) which would be commensurate with the erosion of material deposited out of suspension during the preceding hydrograph fall. The shortage of coarser suspended load may reflect the history of fine sediment evacuation of material from the glacier bed within the measured melt season (Østrem, 1975; Hooke et al., 1985) or the progressive confinement of subglacial meltwater in channels (Gurnell, 1982; Gurnell, 1987; Collins, 1989 Collins, , 1990 with competent flow at the glacier bed laterally restricted. It is well established that the morphological evolution of the subglacial drainage system is fundamentally important in the evacuation of basal sediments (Riihimaki et al., 2005; Swift et al., 2005a) and our data support the observation that during this period those days with a strong diurnal signal (Figure 9 ) witness evacuation of material deposited on subglacial channel beds during the preceding falling limb. The coarser material becomes supply limited during the rising limb (see the D 84 curves in Figure 10 ) and may contribute to the hysteresis that is observed. Apparent supply limitation is commensurate with the progressive confinement of subglacial meltwater in channels (Gurnell, 1982; Gurnell, 1987; Collins, 1989 Collins, , 1990 , with canalization possibly evident in the high levels of entropy measured in discharge at this time in the melt season ( Figure 13 ). This provides additional evidence that the evolution of the subglacial drainage system is fundamentally important in the evacuation of basal sediments from Alpine glaciers (Riihimaki et al., 2005; Swift et al., 2005a) . Late in the melt season, supply limitation becomes particularly important because of the progressive evacuation of finer material earlier in the melt season (Østrem, 1975; Hooke et al., 1985) . The highest concentrations were found on the 2 August with anti-clockwise hysteresis (Figure 9(d) ), the day after a major rainfall event (Figure 8 ) when suspended sediment concentrations were low (Figure 9(c) ). It appears that evacuation of suspended sediment was low during a rainfall dominated day, so amplifying sediment evacuation and reducing supply limitation on 2 August.
The observations of bedload transport (Figure 11, Figure 12 ) suggest a critical discharge is needed to transport bedload out from underneath the margin of the glacier: it is flow competence related, and therefore transport limited. The Haut Glacier d'Arolla appears to be relatively inefficient in evacuating the coarser fractions of eroded sediment and ready sediment supply. The existence of a threshold for transport and the clear on-off transport suggested for both bedload and suspended load (Figure 9 ) implies that the shape of the hydrograph is likely to have a very significant impact upon sediment evacuation. There was clear evidence of evolution of the shape of the hydrograph at the seasonal-scale (Figure 13 ) from about day 65 (early July), as base flows fell, peak flows rose, and the daily entropy index increased. Although there is debate regarding whether or not subglacial drainage efficiency can be derived from hydrograph shape (Covington et al., 2012) , the evolving hydrograph shape is commensurate with progressive exposure of glacier ice, lower albedo and higher melt rates, and the development of a more efficient subglacial drainage system (Nienow et al., 1998) . The fall in base flows causes sediment transport to become on-off between day and night, more regularly from about day 65 (Figure 14(b) ). It is however also associated with higher transport rates for a given mean daily discharge (Figure 14(b) ) due to higher flow peaks and the weakly non-linear dependence of sediment transport on discharge beyond the critical discharge required for entrainment (this arises from the form of relationships (4) to (7)).
The threshold for bedload transport is important for a second reason. The rapid rise in suspended sediment concentration during the hydrograph rise (Figure 8 ), including the higher concentrations of coarser suspended sediment (Figure 10) suggests that the onset of bedload transport also leads to the release of coarser suspended sediment into transport. However, we did not find hysteresis in the relationship between bedload transport and discharge, unlike that reported by Mao et al. (2014) , but this may be because of the greater distance between the glacier and the measuring station in Mao et al. (2014) . This distance may make the dynamics of the proglacial area more important in controlling sediment flux in the Mao et al. (2014) study (see also Orwin and Smart, 2004) and lead to hysteresis effects as bedload, once in transport, may have a kinematic velocity that is lower than discharge.
A conceptual model of snout marginal sediment transport at the sub-daily scale Given the observations, we develop a conceptual model of snout marginal sediment transport (Figure 15 ) which we argue could explain late ablation season uplift whether due to basal water pressure driven hydraulic jacking or vertical extension associated with glacier acceleration and the consequent enhanced longitudinal compression. We emphasize that we cannot be sure that the uplift is due to these processes, but we believe that the model merits development as a basis for further field testing.
We start by making the assumption that in the late ablation season (August) the drainage system in the snout marginal zone is canalized into conduits, an assumption consistent with indirect measurements (Nienow et al., 1998) , GPR measurements in the snout marginal zone (Ruttiman et al., n.d.) and the form of the hydrograph (Figure 13 ) for this glacier. During falling discharge and the overnight minimum, coarse sediments are deposited in subglacial conduits when the flow rate falls below the critical transport capacity threshold (in this case, 2.5 m 3 s -1 ) (Figure 11 ). We would expect coarser material to be deposited first and eventually covered by fine material. This leads to a significant filling of the subglacial channels, potentially reducing flow capacity (Figure 15(a) ). In late morning, surface melt on the glacier begins (Swift et al., 2005b) . As there is no snow cover on most of the glacier, glacier albedo is low and so melt rates are high (Brock et al., 2006) and there is no delay due to the presence of a snow pack. Thus, the rate of delivery of water to the subglacial system is rapid. The subglacial channels contain sediment deposited during the previous falling limb and initially this may allow subglacial channels to have reduced flow capacity, to become temporarily pressurized and to evacuate lateral flow away from them (Figure 15(b) ). Since the capacity for critical transport of coarse material has not yet been reached despite the rapidly increasing flow, these sediments still obstruct the channels. As a result (Figure 15(c) ), water pressure rises because the conduits cannot accommodate the sudden flood rise (Gulley et al., 2013) . Hydraulic forcing on the edges of the channels leads to a strong lateral migration of water preferentially away from the centre of the glacier due to the wide and flattened geometry of the channels . In turn, this causes either or both of: (1) hydraulic jacking, and a slight detachment at the glacier-bed interface with surface uplift (Figure 6; Gabbud et al., 2015) ; or (2) enhances surface velocities, augmenting longitudinal compression and causing vertical extension Gudmundsson, 2003, 2004) . The flow can then access the stocks of fine sediments isolated from the main channels, rapidly increasing suspended sediment concentration (here between 10:00 and 12:00, Figure 9 ). The detachment of the glacier-bed interface is reinforced by the increase in pressure encouraging glacial uplift. This process of uplift and sediment release has been described elsewhere. Davies et al. (2003) reported for the Franz Josef glacier excess pressure in subglacial conduits led to slight uplift of the glacier and rapid increases in sediment release in the snout marginal zone.
As a result of the constant increase in flow, the critical threshold of bedload transport capacity is exceeded in the late morning. A flushing of the coarse sediments, both coarse suspended load and bedload, then takes place in the subglacial channels causing a downward incision and erosion on the banks ( Figure 15(d) ). Expanding the channel size increases flow capacity and reduces conduit water pressure. The water migration is thus reversed and redirected to the main channels. As a result, a rapid lowering of the glacier takes place (Figure 6 ). In the afternoon, access to fine sediments becomes limited to the main channels (Figure 15(e) ). The delivery of these sediments is thus reduced to smaller contributions of the edges of the channels. This leads to a reduction of the amount of coarser material available for suspension (Figure 10 ) and the clockwise hysteresis in suspended sediment concentration observed on warm days with strong diurnal hydrograph variation (Figure 9 ). Coarse sediments are eroded and transported in the main channels as long as the transport capacity is exceeded in view of their high availability under the glacier. As glacier melt slows and stops in late afternoon, given low levels of snow related flow buffering and efficient drainage of the subglacial hydrological system during this time of the year, discharge can readily fall overnight to below the critical discharge required for the transport of bedload and eventual coarse suspended load. If diurnal flow cycles caused by melting ice succeed one another, these five phases continue day after day. Our data also suggest that if significant precipitation influences diurnal flow cycles, the loop is interrupted and the system usually takes a few days to recover as shown by the analyses of the first three days of August (Figure 9) . In this specific situation we observed here (Figure 15(f) ), precipitation began at night, and this did not allow enough flow reduction during the falling limb for there to be sediment deposition. As a result, the channel remained large enough to allow the entire flow capacity to pass through the main channels (Figure 15(g) ) and to continue to evacuate any available sediment. Then, after the precipitation and with a long period of lower flow, deposition continued and sediment accumulated, notably of finer material. This may create a more significant obstruction within the channel. Then, the following day, with the flood rise fairly marked for the first time since the rain event, the forcing of the water on the edges of the channel and its migration towards the centre of the glacier would cause greater availability of fine matter than the other days explaining the counter-clockwise hysteresis observed on 2 August with the highest concentration rates of the entire campaign. These results emphasize the importance of also considering hydro-meteorological factors in explaining subglacial sediment dynamics (Stott and Grove, 2001; Leggat et al., 2015) and the effects of these factors upon the sequencing of flow, sediment transport and sediment deposition.
This conceptual model now merits a number of important tests. First, intensive measurements of snout marginal ice dynamics are required. This is needed to evaluate the three contending hypotheses for the measured uplift: (1) vertical extension due to longitudinal compression upstream of a bedfrozen snout margin, that is countered by afternoon melt to produce snout lowering, although there are strong indications in this case that it may only play a minor role, if any; (2) the increase in longitudinal compression due to enhanced basal sliding, which could be caused by lateral flow from basal conduits into the surrounding bed, due to reduced conduit flow capacity and build-up of flow pressure; or (3) the hydraulic jacking associated with ice-bed separation also due to lateral flow. Both (2) and (3) would explain elements of the subglacial sediment export that we observe and the fact that sediment transport becomes on-off in the late melt season makes it highly likely that the flow capacity of subglacial conduits in the snout marginal zone is reduced due to overnight sediment deposition. Second, more data on the geometry of conduits in the snout marginal zone would be valuable. It is now possible to acquire such data, at a coarse resolution using GPR (Rüttimann et al., n. d.) and at a very fine resolution by caving (Mankoff et al., 2017) , albeit under conditions that allow safe access. With further developments in GPR technology, it may become possible to monitor subglacial conduit dynamics at the within-daily scale to assess the extent to which conduit geometry evolves in response to end of day sediment deposition. Third, while it has long been possible to measure suspended sediment dynamics at glacier snouts over the entire meltwater season (Clifford et al., 1995; Gurnell, 1995; Hodson et al., 1999; Orwin and Smart, 2004; Swift et al., 2005a Swift et al., , 2005b Stott and Mount, 2007; Leggat et al., 2015) , it has only very recently been possible to do this for bedload Mao et al., 2014 Mao et al., , 2017 . Proglacial streams at glacier outlets are highly dynamic both vertically (incision/aggradation cycles) and laterally which makes installing fixed bedload monitoring systems extremely difficult. The acoustic pipes described here have some potential for seasonal scale measurement. Such measurements would go some way to testing the hypothesis suggested in Figure 14 (a) that there is a seasonal scale hysteresis in sediment transport as a result of evolution of the form of glacial stream hydrographs, the latter a function of the development of progressively more efficient runoff and englacial and subglacial routing as snow lines retreat up glacier. Finally, such long-term data would help to reconcile the relationship between glacier erosion, sediment storage and transfer, and sediment delivery to the ice marginal zone. Such relationships need to be quantified such that we can determine the time scale over which it is possible to relate data on glacier sediment export to subglacial erosion rates. For instance, Herman et al. (2015) related short duration (sub-daily to daily-scale) glacier speed up to increases in subglacial erosion under the assumption that eroded sediment is readily evacuated. There is at least some support for such a conclusion in the literature (Riihimaki et al., 2005) . However, our data suggest that sub-daily variation in sediment delivery could also reflect changes in transport capacity rather than just sediment supply (and hence erosion), questioning the extent to which measured sediment delivery to the glacier outlet can be used to infer subglacial erosion rates. We know very little about the residence time of subglacially-eroded sediment underneath glaciers and hence the level of time-integration that is needed in order to relate erosion rates inferred from sediment load to glacial erosion processes. Such information is likely to require the study of glaciers with different propensities to erode sediment and to accumulate it subglacially, that is glaciers in different climatic zones, of different sizes and with different basin geologies.
Conclusion
Investigations of glacial surface variations and sediment dynamics close to the portal of a temperate valley glacier during the late ablation season demonstrated the importance of the interrelationships between the different processes responsible for subglacial dynamics. LiDAR survey revealed positive surface changes in the snout marginal zone, indicating ice uplift or vertical extension. This happened at the end of the morning, during the period of peak ablation. We argue that there are three hypotheses for this process, two of which could be related to increases in basal water pressure that lead to lateral water flux and either glacier uplift or increased surface velocity and downstream longitudinal compression, and hence vertical extension. Further data are required to resolve these hypotheses.
Instream measures of sediment transport showed that suspended load and bedload responded differently to diurnal flow variability. Suspended load depended on the availability of fine material whereas bedload depended mainly on the competence of the flow. Through the melt season, evolution of runoff characteristics and sediment transport capacity showed that the glacier hydrological response evolves from being buffered by glacier snow cover and a poorly developed subglacial 1131 SUBGLACIAL SEDIMENT PRODUCTION AND SNOUT MARGINAL ICE UPLIFT drainage system to being dominated by more rapid ice melt, reduced snow buffering and a more hydraulically efficient subglacial channel system. The resultant changes in the shape of diurnal discharge hydrographs, and notably higher peak flows and lower base flows, were shown to cause sediment transport to become discontinuous, likely to lead to overnight blockage and late morning flushing of subglacial channels. In a conceptual model that needs further testing, we argued that this could provide a mechanism for reducing the flow capacity of snout marginal conduits, aiding increases in basal water pressure, and hence the lateral flow that would cause either uplift or surface velocity increases and vertical extension.
Acquiring integrated data of the kind presented here is not easy (e.g. here we experienced measurement station destruction) but there remain very few quantitative studies that seek to measure bed sediment movement under glaciers and to link it to longestablished theories regarding subglacial hydrological systems. Clearly, additional data, collected over longer time periods, are needed to test and to validate the hypotheses that we present. Figure A3 . Mapping of LoD (a) 08.06.2015 (b) 08.11.2015; relative coordinate system (LiDAR). This illustrates the mapping of the positive and negative levels of detection achieved for each DoD dataset of August 6th and 11th differences in order to spatially visualize the probabilities of glacial surface variations. The t-statistics were transformed into a confidence percentage using Equation (1). Then, three confidence intervals were created for the positive and negative values representing a low probability (0-68%), a second probable (68-95%), and a third possible (95-100%). [Colour figure can be viewed at wileyonlinelibrary.com] Figure A2 . Evolution of t-statistic distribution for each pair of interest scans of 6 and 11 August. Their forms are all characterized by a Gaussian distribution more or less spread confirming the choice of the use of a t-test. The major observation of these distributions remains in their temporal evolution over the course of the day. Indeed, a significant shift in the centre of distribution occurs from 13:20 (08.06.2015) and from 12: 45 (08.11.2015) in the direction of the negative values of the representatives of a probability of decrease of altitude while those of the late morning have a distribution centre close to 0 involving similar probabilities in terms of increase and decrease of altitude in the study area. Figure B1 . Example of granulometric distribution resulting from the laser granulometer analysis. [Colour figure can be viewed at wileyonlinelibrary. com]
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